ABSTRACT IUE spectra of UX Ari obtained during the large flare of 1979 January 1 exhibit chromospheric and transition-region emission-line fluxes about 2.5 and 5.5 times brighter than quiescent fluxes, respectively, and up to 1400 times brighter than the quiet Sun. A high-dispersion spectrum of the 2000-3000 Â region exhibits enhanced Fe n emission, which is probably associated mainly with the KO IV star, and enhanced Mg n emission with asymmetric wings extending to +475 km s"^ We interpret these line wings as evidence for mass flow from the KO IV star to the G5 V star. We propose a speculative scenario of major long-lived RS CVn flares in which the component stars have very large corotating flux tubes, which occasionally interact. Magnetic reconnection results in flux tubes that temporarily connect the two stars. This process and subsequent disruption of the interconnecting field lines, leading to reformation of individual flux tubes, may provide the energy to explain the observed enhanced radio, ultraviolet, and X-ray flux in flares. The observed Mg n wings are emitted by gas streaming along these flux tubes.
I. INTRODUCTION
UX Ari ( = HD 21242) is a noneclipsing RS CVn system (G5 V + KO TV) and one of the brightest members of this group of detached spectroscopic binaries. The visual light curve of UX Ari exhibits a typical, nearly sinusoidal, distortion wave or "wave of darkening" (Hall 1976) , which Eaton and Hall (1979) have explained as being due to rotational modulation of dark star spots covering a large fraction of one hemisphere of the K subgiant star. UX Ari is also a strong source of soft X-rays (Walter, Charles, and Bowyer 1978) and variable, nonthermal microwave radiation (Gibson, Hjellming, and Owen 1975; Mutel and Weisberg 1978) . The quiescent X-ray spectrum can be fitted by thermal emission from a 10 7 K plasma (Walter et al), and the radio bursts are probably due to gyrosynchrotron emission from mildly relativistic electrons (Spangler 1977 ; Owen, Jones, and Gibson 1976) . These observations suggest that if the surface of the K star is covered by large active regions and hot coronal gas, then the activity occurring in the outer atmosphere of this star must be extraordinarily intense when 1 Staff Member, Quantum Physics Division, National Bureau of Standards.
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compared with even the most energetic events taking place on the Sun. On 1978 December 31 we were notified by Dr. P. A. Feldman that a strong radio outburst from UX Ari had been detected at the Algonquin Radio Observatory. At 0 h 53 m UT on December 31 the 10.65 GHz flux density was 255 mJy (Feldman 1979) , which is an order of magnitude above usual quiescent radio flux levels (Spangler, Owen, and Hulse 1977) . We were fortunate to obtain simultaneous observations of UX Ari on 1979 January 1 with the International Ultraviolet Explorer {IUE) satellite. Although IUE observations had previously been obtained during or immediately following active periods of RS CVn stars (Simon and Linsky 1980) , the January observations are the first made during the peak of flare activity.
II. OBSERVATIONS
Observations of UX Ari were made with both the short-wavelength (1175-1950 Â) and long-wavelength (1900-3200 Â) spectrographs of the IUE spacecraft. The short-wavelength spectrum {IUE image SWP 3766) was obtained with 6 Â resolution in a 70 min exposure centered on 3 h 03 m UT ; the high-dispersion, long-wavelength spectrum {IUE image LWR 3344) was a 30 min exposure centered on 2 h 08 m UT, with a spectral resolution of 0.2 Â at 2800 Â. Both spectra were acquired with the large 10" x 20" aperture. The 198OApJ. . .239. .911S
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WE images were reduced using the standard Goddard Space Flight Center reduction programs (Boggess et al. 1978) and calibrations (Bohlin 19781, 4 except that our absolute flux calibration near 2800 A is from Basri and Linsky (1980) and the one near 2600 Â is based on a comparison of an WE spectrum of r¡ UMa with absolute photometry of Code and Meade (1979) . Figure 1 presents the short-wavelength spectrum in absolute flux units. Table 1 lists the emission features in the flare spectrum, their identification, and integrated fluxes at the Earth. These features are generally unresolved or only partially resolved multiplets in the low-dispersion WE data. We also list in Table 1 the integrated fluxes for the strongest features that clearly stand out above the noise level in quiescent spectra (images SWP 2336 and LWR 2111) taken at approximately the same orbital phase on 1978 August 19 (Simon and Linsky 1980) . The flare spectrum exhibits about a factor of 2.5 enhancement of the emission-line strengths for the chromospheric lines (O i, Mg n), and a nearly uniform factor of 5.5 enhancement of the emission-line strengths for lines of higher ionization potential requiring temperatures up to 2 x 10 5 K(e.g., N v 21240). If we assume an angular diameter for the K star of 0.62 milli-arcsec (Simon and Linsky 1980) , then the N v surface flux is 1400 times brighter than the surface brightness of the quiet Sun (Rottman 1978) . 4 At this time the absolute flux calibration of the SWP camera is uncertain (Holm 1979) , but the likely uncertainties in the fluxes do not affect our conclusions.
The lines that have been measured and identified in the high-dispersion, long-wavelength spectrum are listed in Table 2 . The strongest emission features in the long-wavelength spectrum, the Mg n h and k lines, are asymmetric on both sides of line center (see Fig. 2) . A distinct bulge appears in the line profiles at a Doppler shift of -45kms _1 ( -0.42Â) with respect to the strong central peaks of the emission lines, at approximately half the peak intensity. The asymmetrical wings longward of the emission cores extend to + 475 km s -1 ( + 4.43 Â) from the line centers. An asymmetry of this kind is not present in any other spectrum that we have previously obtained for UX Ari or for HR 1099, a second RS CVn variable (Basri and Linsky 1980; Simon and Linsky 1980) . Also apparent in Figure 2 is an emission feature that we identify as the Mg n 22791 subordinate line (multiplet UV 3). The profile of this weak feature appears double with a peak-to-peak separation of 42 km s -L It is possible that the splitting of the Mg n line is due to noise or to blending with Fe n (UV 32) 22791.6, but we see no other lines from this Fe n multiplet, although they should be readily detectable. We have also looked for 22799, from the same multiplet of Mg n, but we cannot say with certainty that the line is present. The 22791 line is not seen in any quiescent spectra of UX Ari, HR 1099, or in any other late-type star to our knowledge.
Many lines of Fe n, multiplet UV 1, appear in emission in the flare spectrum. These lines are also present in our earlier, nonflare observations of UX Ari, but reduced by a factor of 2 in strength. A portion WAVELENGTH (Â) Fig. 1 .-Short-wavelength, low-dispersion spectrum of UX Ari centered on 3 h 03 m UT 1979 Jan 1. The vertical scale corresponds to absolute flux observed at Earth. Saturated pixels and fiducial marks have been deleted and appear as gaps in the spectrum. Emission lines due to La, C ii A1335, C iv A1549, He n A1640, and Si n 11817 are saturated. For a comparison quiescent spectrum of UX Ari at this phase see Simon and Linsky (1980) . (-12) sat. 3.8 (-13) 1.6 (-12) 1.4 (-12) sat. sat. reseau reseau 9.9 ( -14) c 2.1 (-13) 1.2 (-12) sat. 5.7 (-13) 8.6 (-13) 4.8 (-13) 1.5 ( -13) 
e,h c a The absolute wavelength scale is defined by assuming that the rest wavelengths of the main peaks of the Mg ii (1) lines are at the K star velocity. The G star velocity is -47 km s -1 . b For doubled lines B = blue emission peak. R -red emission peak or wavelength of single emission peak (if only one). c Single-peak emission line, probably originating at the K star. d Double-peak emission line, originating at the K star and possibly self-reversed. e Bright peak probably due to K star and weaker peak possibly due to the G star. f Blue peak probably due to K star and red peak could be due to lines of Mn n, V i, Ti i, Ni n, Na ii, or Cr ii. g Redshifted from the K star. h Separation of peaks = 41.1 km s _1 in overlapping echelle order. 1 Identification uncertain. Table 2 . Note that the strongest Fe n lines are doubled, due to self-re versal or orbital separation of lines emitted by both stars.
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of the LWR flare spectrum containing the strongest Fe ii lines is shown in Figure 3 . Some of the strongest emission features are self-reversed or double; the separation of the peaks in individual lines corresponds to a relative Doppler motion of 20-50 km s -1 . (The velocity resolution of the spectrograph is 21 km s -1 .) On 1979 January 9, we reobserved UX Ari with a 70 minute, low-dispersion, short-wavelength exposure (SWP 3855) and a 30 minute, high-dispersion, longwavelength exposure (LWR 3432). Although the star remained active at radio wavelengths (Feldman 1979) , in these spectra the chromospheric and transitionregion emission-line strengths had returned to their quiescent values, and the Mg n line profiles were symmetric.
in. DISCUSSION
One of the unresolved questions related to the RS CVn stars is whether their photometric and spectroscopic peculiarities are attributable to mass transfer between components of the double system. The appearance of the light curve (Hall 1976 ) and the absence of broad-band linear polarization (Weiler et al. 1978) suggest that ordinarily there is little intrasystem material and that the activity must be associated with one or the other of the stars. Since the radial velocities of the emission cores of the Ca H and K lines and Ha (Carlos and Popper 1971; Bopp and Fekel 1976) follow the orbital motion of the K star, this component has been identified as the active star.
We cannot unambiguously identify the source of the ultraviolet emission lines observed during the flare of UX Ari because the low-resolution observations provide only integrated line fluxes and the high-resolution observations lack an accurate ábsolute wavelength scale, although the relative wavelength scale appears to be accurate to ± 15 km s ~1 at 2800 Â. However, in our quiescent high-resolution spectrum (LWR 2158) obtained at orbital phase </> = 0.75, when the two stars have maximum radial velocity separation, we have been able to establish that the strong emission peaks in the Mg ii h and k lines are associated with the KO IV star (Simon and Linsky 1980) . A second peak, approximately one-fifth as strong, can be identified with the G5 V star.
Similarly, in the IUE flare spectrum we identify the central emission peaks of the h and k lines with the K star primary; the wavelength scale in Table 2 is then defined by setting these peaks at the rest wavelength of these lines. According to the ephemeris for UX Ari (Weiler eM/. 1978; Carlos and Popper 1971) , the epoch of this exposure is at orbital phase 0 = 0.063. The radial velocity of the G star (Carlos and Popper 1971) at this phase corresponds to a 47 km s ~1 blueshift with respect to the K star. Since this displacement corresponds to the position of the blueshifted notch in the Mg h and k line profiles (see Fig. 2 ), we identify these features as Mg n emission from the G star.
The measured wavelengths of most of the Fe ii (UV 1) lines listed in Table 2 are within a few km s _1 of the 915 K star velocity, and so these lines probably originate in the K star chromosphere, as do the Fe n lines seen in our quiescent UX Ari spectrum, which are all single peaked. Doubling of some of the Fe n lines may be due to noise or to blending with lines of other elements, although the resonance lines of likely candidates (e.g., Mn ii and Cr i) are absent from the IUE spectra. These lines could also be self-reversed emission lines originating in the K star chromosphere. Since only one weak emission peak lies close to the G star velocity, these data suggest that most of the enhanced Fe n flare emission is from the K star, but if the blueshifted Mg ii emission can be identified with the G star, as we believe, then the flare spectrum of UX Ari provides the first tentative evidence that the G star may also take part in the flare event.
Possible evidence for the involvement of the G star in flare activity is also provided by the enhanced red wing in the h and k lines. The only plausible explanation for this emission is downflowing material with velocities ranging up to 475kms
_1 . This emission could originate in stellar prominences, or at the base of coronal loops associated with active regions on the surface of the K star, or with material streaming between the stars as we propose in § IV.
Turning to the short-wavelength fluxes, we note that the enhancement of the high-temperature lines (e.g., Si iv and N v), which may be formed in a region of steep temperature rise similar to the solar transition region, is larger than that of several low-temperature lines (e.g., Mg n, C i, and O i, but not Si n), which are formed in the lower chromosphere. In any homogeneous model the transition region and chromospheric lines are differentially affected by an increase in pressure (Simon, Kelch, and Linsky 1980; Simon and Linsky 1980) . In solar active regions and flares, too, the high-temperature lines are enhanced by much larger factors than the chromospheric lines. Brightening of the lines formed in the lower chromosphere probably requires steeper chromospheric temperature gradients (Kelch, Linsky, and Worden 1979), which imply larger nonradiative heating rates.
In the 1175-2000 Ä spectral region there are several density-dependent line ratios available. Some of the important ratios involve the O m 21666 line, which is not seen in our quiescent UX Ari spectra and is blended with a reseau and the A1 n 21670 feature in the flare spectrum. In Table 3 we list three line ratios measured in the flare and quiescent spectra, and corresponding electron densities obtained from either the model atmosphere calculations of Cook and Nicolas (1979) or the theoretical ratios of Doschek et al. (1978) . There are many problems inherent in using line ratios as density diagnostics : our estimate of the O iv 221401, 1405 contribution to the 21402 blend may be in error; the Si m 21892 line may be formed in a 20,000 K plateau, as appears likely in the Sun and e Eri (Simon, Kelch, and Linsky 1980) ; and the C m 21175 line may be optically thick or strongly affected by flows (Cook and Nicolas 1979 ; Raymond and Dupree 1978) . These problems may account for the wide discrepancies among estimates of the electron density based on different line ratios. Although there is considerable scatter among the density estimates for the individual quiescent spectra, compared to average quiet conditions, there appears to be a factor of 2 enhancement of the electron density in the flare. Cook and Nicolas (1979) note that electron densities in quiet and active solar regions predicted by the 7(C m 21175)//(C in 21909) ratio are systematically low by a factor of 5 compared with estimates obtained from a number of other diagnostics. Since densities predicted by this ratio for UX Ari are also a factor of 5 lower than values derived from the /(C in 21909)//(Si iv 21402) ratio (see Table 3 ), and since the Si m 21892 line may be formed in a plateau, we adopt the /(C m 21909)//(Si iv 21402) densities as the most realistic. Thus, for a formation temperature of 5 x 10 4 K (Cook and Nicolas 1979), the derived transition-region gas pressures {P = 2n e kT) are 1.1 dynes cm" 2 for the flare spectrum and 0.7 dynes for the mean quiescent spectrum. The quiescent pressure is consistent with the 0.2-1.0 dynes cm -2 range suggested by the chromosphere models of Simon and Linsky (1980) .
IV. A SPECULATIVE SCENARIO FOR MAJOR FLARES
X-ray studies of the Sun have shown that quiescent and flare emission from the corona is confined to loop structures, which outline the solar magnetic field. Following the solar analogy, we propose that the existence of large star spot groups on the surface of RS CVn stars requires large-scale magnetic field structures, which are intimately associated with the strong flare activity observed in these binary systems. Unlike their solar counterparts, stellar magnetic flux tubes probably have dimensions several times the stellar radius. This follows from a consideration of the expression T cor = 1.4 x lO^PL) 1 ' 3 derived by Rosner, Tucker, and Vaiana (1978) for their hydrostatic loop model of the solar corona. Here, P is the (constant) gas pressure along the magnetic field lines of the loop, and L is the length of the loop. If we assume for the quiescent UX Ari a coronal temperature of T cor = 10 7 K (Walter, Charles, and Bowyer 1978) and pressure P = 0.2-1.0 dynes cm -2 (Simon and Linsky 1980), we then derive a flux tube length L = 5-25 R©. By comparison, the stellar radius for the KO IV active star in UX Ari is ~ 3 jR 0 > i ts Roche lobe distance is 7 R Q , and the orbital semimajor axis is >16R 0 (Young and Königes 1978; Carlos and Popper 1971) . Although this calculation is very rough and depends on a high power of r cor , if the scaling law can be applied to stars other than the Sun, it suggests large loop dimensions comparable to the separation of the two stars in UX Ari. During the .flare, P may increase to 1.1 dynes cm -2 , but T cor should also be larger. If T cor is raised to 2 x 10 7 K, then L = 20-40 Rq. Ayres and Linsky (1980) have observed strong ultraviolet emission lines from the long-period (104 days) RS CVn-like system Capella, which they identify with the F9 III secondary (Capella B). Using their value of P « 0.3 dynes cm -2 and the best-fit twocomponent coronal model {T = 5.9 x 10 6 K and 46 x 10 6 K) proposed by Holt et al (1979) to explain HE AO 2 X-ray observations, we compute flux tube lengths in the range 3.6-1700 P 0 > which are also large compared with the stellar radius of 7.1 P 0 -With these calculations in mind, we propose the following very speculative scenario for major flare events in RS CVn-type systems, which is schematically illustrated for UX Ari in Figure 4 . Large flux tubes from the KO IV secondary star occasionally come close to the presumably smaller flux tubes of the G5 V star, as a result of spot migration in the KO IV star or fluxtube expansion due to enhanced heating of the tubes of either star. When this occurs, the field lines may reconnect into a simpler geometry (a flux tube connecting both stars), illustrated in Figure 4 as the flare configuration. Subsequently, these connected field lines may be severed by motions of their foot points, perhaps also due to spot migration, leading to reconnection into closed magnetic flux tubes once again attached to the individual stars. The restoration of closed field lines could also be the result of imbalanced pressure forces caused by an expanding stellar wind. This latter process may be similar to magnetic field reconnection involved in solar flares (Kopp and Pneuman 1976) . We have in mind the field annihilation processes generally assumed to occur in solar flares when oppositely directed field lines are forced together at the neutral line by some instability process that facilitates rapid reconnection. Magnetic reconnection could thereby provide the energy necessary to explain the enhanced X-ray, ultraviolet, and radio emission that characterize the flare. However, these processes should occur on much longer time scales in RS CVn system flares than in solar flares due to much larger geometrical scales in the RS CVn systems. Thus the 10.5 GHz variability on time scales of hours observed by Feldman et al. (1978) during a flare on HR 1099 suggests reconnection by individual flux tubes in a very large parallel arcade.
In our model, the two stars are temporarily connected by a flux tube, facilitating mass exchange. Material falling down the flux tube onto one or both stars can lead to the large red asymmetries that we have observed in the UX Ari Mg n lines. Since the escape velocity from either a KO IV or a G5 V star would be in the range 400-600 km s _1 , the extension of the Mg n line asymmetry to -h 475 km s " 1 (relative to the K star) or +522 km s" 1 (relative to the G star) suggests freefalling material moving along a flux tube between the stars. For the orbital circumstances of this flare, the flow proceeds from the KO IV star to be consistent with the observed red shift. If the flows are typically of this sense, then during flares near 0 = 0.50, when the G5 V star is in front, the Mg n lines should show blue wings, unless the flux tube is occulted by the G star. The up to ± 250 km s " 1 velocity components seen by Weiler (1978) and by Weiler et al (1978) in HR 1099 and UX Ari during quiescence could be due to normal streaming motions along smaller flux tubes that do not interconnect the stars, but the Ha asymmetries in HR 1099 flare spectra obtained by Fraquelli (1978) and are in the sense of flow from the K star to the G star. From the limited data available to us at this time, however, we cannot say whether the Mg n asymmetry arises from cool condensations within a gas flow at coronal temperatures between the stars or from decelerating material impacting on the chromosphere of the G star.
If magnetic field reconnection processes power large flares, we can estimate the approximate change in field strength necessary to do so. The increase in observed flux for the ultraviolet lines listed in Table 1 , including estimates for the saturated lines, corresponds to AL UV = 2 X lO 31 ergs s -1 , assuming that UX Ari is at a distance of 50 pc (Hall 1976) . The increase in the soft X-ray flux is unknown, but Walter, Charles, and Bowyer (1978) measure a quiescent luminosity of 2 x 10 31 ergs s -1 . We assume that this emission is also enhanced by a factor of 5.5 during the flare so that AL X = 9 x 10 31 ergs s -1 . The change in magnetic energy density in the loop structures should balance the flare 918 radiative losses, AB 2 -AF=(AL UV + AL X )A¿.
We estimate the volume (AF)of the interacting loops to be approximately that of the K star (R = 3 R Q ) and the time scale to be ~ 1 day. This results in AB 2 ^ 1.9 x 10 4 and {AB 2 ) 112 ae 140 gauss. Although this estimate is very rough, it does imply that fields of up to several hundred gauss are required in the loops to satisfy the energetics of a major flare event. Assuming these loop fields are nearly dipolar and the relevant physical scale length is one-half the stellar separation distance 16 R 0 ^ 5 star , we then estimate the surface fields on the K star to be a few x 10 4 gauss, which seems reasonable for star spots of large area.
V. CONCLUDING REMARKS
A general feature of the RS CVn binaries seems to be their irregular orbital period variations, which Hall (1972) attributed to anisotropic mass loss from the active stars in these systems. According to DeCampli and Bahúnas (1979) , while strong magnetic braking can reduce the mass loss rates required to account for short-term period changes to values as low as 10 -8 M o yr -1 , there must exist a stronger spinorbital coupling than tidal interaction for the transfer of spin and orbital angular momentum. The magnetic loop model described in this paper could provide the needed magnetic couple to explain both these shortterm period changes, whose reality is nevertheless still in doubt (Hall, Kreiner, and Shore 1980) , and the longterm changes that take place over one or two decades (Hall et al) . Also, our loop model with flare-induced mass exchange from the more massive (more evolved) to the less massive star may be the mass exchange mechanism predicated by Popper and Ulrich's (1977) post-main-sequence evolutionary picture for RS CVn systems. On the other hand, mass transfer may not be necessary, as mass loss from the more evolved star to space may also suffice.
Finally, if our scenario is correct, then long-period binary systems, which are widely separated, are unlikely to have flux tubes extending from one star to the other, and we predict that large flare events should not occur, or should occur rarely. Indeed, long-period systems like Capella (104 day period) are not strong radio emitters (Spangler, Owen, and Hulse 1977) and are not known to flare. Additional flare observations are needed to confirm and refine our flare model.
